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Introduction

For storage and transportation to the place of spent
nuclear fuel processing, metal concrete containers are
currently used, the metal elements of which consist of rolled
sheets, ring forgings (coamings), plate forgings and other
elements made of low-alloy silicon-manganese Mn2-Si steel
of high purity in terms of harmful impurities [1]. This steel
is also widely used for various parts and elements of metal
structures operating at temperatures from —70 to +425°C
under pressure. The study of the dynamic strength
characteristics of ferrite-pearlite silicon-manganese Mn2-Si
steel is stimulated by the need to predict the consequences
of intense impacts of natural, man-made or terrorist nature
on nuclear power structures [2]. Mathematical models
and defining relations used in the calculated prediction of
the impact, explosion and other intense pulse effects are
based on experimental data on the strength behavior of
structural materials at strain rates in the range 10> —10°s~!.
There are also academic questions regarding the influence
of temperature and strain rate on the resistance to plastic
deformation and fracture of steels and alloys. The first of
them is related to the ratio of the dynamic strength of the
material to its dynamic yield strength. Although in many
cases materials with higher spall strength (tensile strength
realized under shock-wave loading) have higher values of
the Hugoniot elastic limit, this correlation is not universal.
The second important issue is related to the influence of
temperature on the resistance to high-rate deformation and
facture. In connection with the existing uncertainty, it is of

2221

interest to accumulate experimental data and compare them
for steels and alloys with different strength properties [3-5].

This paper presents the results of studies of the dynamic
strength of low-alloy ferrite-pearlite Mn2-Si steel at normal
and elevated temperatures in the sub-microsecond range of
the duration of the shock load.

1. The material under study

Studies have been conducted with low-alloyed ferrite-
pearlitic silicon-manganese Mn2-Si steel the chemical com-
position of which is given in Table 1. Samples with
a thickness from 0.17 to 4mm were cut from a sheet
forged shell by an electroerosion technique. The forged
shell was previously subjected to heat treatment, which
consisted of quenching from 930°C into water, followed
by tempering at 660—670°C and cooling in air Mn2-
Si steel after heat treatment had a ferrite-pearlite structure
with a fine-grained structure, the grain size was 15—30 um.
According to reference data, the yield strength of steel
0p.2 at room temperature after quenching and tempering
is 315—365 MPa, tensile strength 450—490 MPa. With an
increase in temperature to 500°C, the yield strength drops
to 180 Mpa, and the tensile strength — to 360 Mpa.

Since the steel is low-alloy, when processing experimental
data for room temperature, an impact adiabate of a-iron
with a density of po = 7.85 g/cm® and a longitudinal sound
velocity of ¢ = 5.9km/s in the form Us = 4.63 + 1.33up,
where Us — the velocity of the shock wave, u, — the
particle velocity constructed from the experimental data
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Table 1. Chemical composition of Mn2-Si steel
Content of elements, %
C Si Mn P S Cr Ni v Ti Al Nb N As
0.08 0.6 1.56 0.008 0.003 0.1 0.23 0.04 0.004 0.032 0.05 0.01 0.008
] <+——Pin In addition to shock-wave experiments with the registra-
— Thermocouple tion of wave profiles, metallographic studies of the spall
Heater facture zone of samples preserved after shock compression
< 2 | VisAR on transverse sections using an Axio Observer Z1M optical
Projectile § £l microscope in a light field and in contrast C-DIC after
S = Thermocouple .. o . .
A~ etching in nital (4% solution of HNOj3 in alcohol).
Gap o)
- — Pin 3. Measurement results
Impactor

Figure 1. Experimental assembly scheme.

given in [6] data, and for 600°C, taking into account the
temperature dependencies of sound velocities [7,8] — in
the form of Us = 4.37 + 1.33up; the density and longitu-
dinal sound speed under these conditions were 7.66 g/cm?
and 5.5 km/s, respectively.

2. Experimental setup

The experiments were carried out on a stand including
a gas gun with a caliber of 50mm to generate shock
compression pulses in the samples under study and a laser
Doppler interferometric velocmeter VISAR [9] with a time
resolution of ~ 1ns to record the evolution of compression
waves formed by the shock. The experimental scheme is
shown in Figure 1. Flat pins made of copper or tungsten
with a thickness of 0.04 to 2 mm were glued to a substrate of
polymethylmethacrylate with a thickness of 5mm, located
at the end of a hollow duralumin (D16T) projectile. The
use of a substrate makes it possible to avoid deflection
of thin pins during the acceleration of the latter in the
barrel of the gun. The throwing speed was varied by
the selection of the pressure of the working gas (air or
helium) and was in these experiments 340 + 10m/s or
590 &+ 20 m/s. The measurements were carried out at room
temperature and increased to 600—610°C temperatures of
the samples. In the latter case, resistive heaters located
at a distance of 2—2.5mm from the back surface of the
sample were used. The temperature was controlled by two
chromel-alumel thermocouples with an accuracy of £3°C.
The heating time of the samples, as a rule, was 600 £ 30s.
The impact velocity measurements were carried out using
electrical contact sensors (Pin) only in experiments without
heating the samples. All experiments were carried out under
vacuum.

Figure 2 shows the results of experiments with samples
of Mn2-Si steel of nominal thickness 4 and 2mm, and
Figure 3 — photographs of diametrical cross sections
of samples in the area of spallation. Experiments at
room temperature were carried out with two ratios of the
thickness of the impactor and the sample — 1/2 and 1/4.
In Western, primarily American studies, as a rule, pins with
a thickness equal to half the thickness of the sample are
used. This thickness ratio leads, as will be discussed below,
to an additional error in determining the value of the spall
strength.

On the velocity profiles of the free surface, the output
of an elastic precursor (elastic compression wave, the first
»step®), a plastic shock wave, the region of constancy
of parameters following it (,,plateau”) and then a part
of the rarefaction wave are sequentially recorded. The
duration of the plateau is determined by the reverber-
ation time of the waves in the impactor and, accord-
ingly, the greater it is, the greater the thickness of the
impactor.  The velocity of propagation of the elastic
precursor is almost equal to the longitudinal speed sound
¢ = /(K +4G/3)/p, and the velocity of the plastic shock
wave is determined by the bulk compressibility of the
material and, accordingly, is close to the bulk speed of
sound ¢, = /K/p [10,11] at moderate shock compression
amplitudes.

The amplitude of the elastic precursor is determined by
the Hugoniot elastic limit of the material HEL (Hugoniot
elastic limit) and is equal to

oueL = 0.5UnELO0CI, (1)

where uggr — free surface velocity jumps in the precursor.
The elastic limit under one-dimensional deformation is
related to the yield strength in the usual sense of o1 by
the ratio

3
oT = EO-HEL(I —C%/C%). (2)
After the compression pulse is reflected from the free

surface, tensile stresses are generated inside the sample,
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Figure 2. Free surface velocity profiles of Mn2-Si steel samples
with a nominal thickness of 4 (a) and 2mm (b). The numbers
of the profiles show the actual values of the thickness of the
copper pin and the sample. The insertion of the figure (a) shows
the frontal part of the wave profile, which clearly shows the re-
reflection of the elastic wave RR from the plastic shock wave.
HEL (Hugoniot Elastic Limit).

as a result of which its fracture is initiated — spallation.
In this case, the relaxation of tensile stresses occurs and
a compression wave (spall pulse) is formed, the output
of which to the surface of the sample usually causes
a second rise in its velocity or stops its fall in the
unloading part of the incident compression pulse. The
decrement of the surface velocity Auis at its decline from
the maximum to the value before the front of the spall pulse
is proportional to the magnitude of the fracture stress — the
spall strength of the material under these loading conditions.
In the linear (acoustic) approximation, the value of the
spallation strength osp of the material is defined as [10]:

1
Osp = Epocb(AUfs + 5), (3)

where § — correction for the distortion of the velocity
profile due to the difference in the velocities of the elastic
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front of the spall pulse and the velocity of the plastic part
of the incident rarefaction wave in front of it [4]. Directly
from the comparison of wave profiles in Figure 2, it can
be seen that the value of Aufs in experiments with a
thick impactor is significantly less than in the experiment
with a thin impactor. This difference, at least in part,
is explained by the mentioned distortion of the wave
profile during the propagation of perturbations from the
spall plane to the free rear surface. In this formulation
of experiments, the spallation occurs at a distance from
the free surface, approximately equal to the thickness of
the impactor. In the experiment with a thicker impactor,
the zone of spall fracture is more distant from the rear
surface and, accordingly, more distortion accumulates at a
greater distance. In our calculations we also considered the
nonlinearity of the compressibility of the material [10,12].
The thickness of the spall plate hsp was estimated from the
period of velocity fluctuations on the wave profile At as
hsp = CiAt/2.

The presented wave profiles show additional steps RR,
which appeared after the reflection of the elastic precursor
from the free surface and the interaction of the result-
ing reflected elastic release wave with the plastic shock
wave [14]. Such a re-reflection is not always observed,

Figure 3. Micrographs of the peripheral parts of the cross sections
of steel samples with a thickness of 4 mm after the experiments
shown in Figure 2: @ — when loaded with 2mm pin (x25), b —
when loaded with 0.96 mm pin.
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Figure 4. Results of experiments with samples of Mn2-Si steel: a — velocity profiles of the free surface of samples with a nominal
thickness of 4 mm at normal and elevated temperatures, the experimental conditions correspond to points 1 and 14 of Table. 2; b — the
same for thickness 2 mm, the experimental conditions correspond to points 3 and 15 of the Table. 2; ¢ — profiles obtained at impact
velocities of 340 £ 10m/s and 590 4 20 m/s, the conditions correspond to points 2 and 13 of Table 2.

the possibility of its formation, as well as the amplitude of
the re-reflected wave and its decay are associated with the
relaxation properties of the material in the state before the
plastic shock wave. This feature and its details for Mn2-Si
steel are discussed in work [13].

The photographs given in Figure 3 show that, de-
pending on the kinetic energy reserve in the reclining
plate, the spall fracture may have a different degree of
completeness. In contrast to the fracture of one or
several main cracks under normal conditions, the spall
fracture occurs by the nucleation, growth and fusion of
numerous cracks or pores with the formation of a developed
fracture surface. It is more correct to talk about a
zone of fracture of finite thickness, within which the
fracture can have several localizations and form multiple
spallation.

Figure 4,a, b compares the results of experiments with
samples of Mn2-Si steel of nominal thickness 4 and 2 mm at
elevated temperature with the results at room temperature.

In experiments at a collision velocity of 590 £ 20 m/s, the
splitting of a plastic shock wave was recorded (Figure 4, ¢)
due to the beginning of the well-known [14] polymorphic
transformation o — ¢ (BCC—HCP) when compressed.
The pressure of the beginning of the transformation of steel,
determined by the parameters of the first plastic shock wave,
is 12.4 GPa, which is slightly lower than the pressure of the
transformation of iron (13 GPa), and that is probably due to
the presence of manganese in the steel. One can also note
the increased amplitude of the re-reflected elastic wave RR
in the experiment with a higher pressure of shock compres-
sion. For an ideal elastoplastic material with a constant yield
strength, the amplitude of the re-reflected wave should not
depend on the final pressure of the shock compression [14].

3.1. Spallation strength of Mn2-Si steel

Figure 5 summarizes the results of measurements of the
shear strength of steel osp in the form of its dependencies
on the expansion rate of the substance V/V, (deformation

Technical Physics, 2022, Vol. 67, No. 14
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5 0.17
osp = 2. 3(\// 0) at 600°C, (6)

. €o
41 K (- where & = 10°s7!

323 (x /105)0 061 @"F’%‘ Figure 6 shows microphotographs of the diametrical cross
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Figure 5. Dependence of the spall strength of Mn2-Si steel on the
deformation rate in the rarefaction wave of the incident compres-
sion pulse. Open circles show the results of experiments with thin
pins at room temperature, squares — results of experiments with
thick pins, diamonds — results of high-temperature measurements,
an asterisk shows the result of an experiment with polymorphic
transformation @ — e.

rate) in the rarefaction wave before the shear pulse, which
was defined as

V L.str

- 4

Vo 2Co ’ ( )
where Ussy — the deceleration rate of the surface ahead

of the spall pulse front, ¢y — the first term of the linear
dependence Us—u, (shock adiabatic), taking the value of
the bulk sound speed at zero pressure. Earlier [15,16] it
was shown that dependences of this kind are transformed
depending on the rate of destruction (the rate of growth
of the volume of discontinuities) from the stress. The
graph in Figure 5 has the following specific features that
distinguish the behavior of Mn2-Si steel from other metals
and alloys. At strain rates less than 5-10°s~! there is
a large discrepancy in the values of the spall strength
obtained in experiments with thin and thick impactors. For
other materials, similar processing of similar wave profiles,
considering their fracture in accordance with the ratio (3),
did not give a large difference in the results beyond the
natural error. With an increase in the strain rate, i.e. with
the transition to increasingly thin samples, this discrepancy
gradually disappears. At the same time, the difference
in the values of the spall strength at room temperature
and at 600°C also decreases. All experiments at elevated
temperatures were carried out with thin impactors, since
such an experimental setup is associated with the least
distortion of the wave profiles. It can be seen from Figure 5
that the measurement results covering more than one order
of strain rates are approximated with acceptable accuracy
by power dependences

V Vo
£

0.061
Osp = 3. 23( > at room temperature, (5)
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plate.

In Figure 7, the measurements results of the spallation
strength of Mn2-Si steel are compared with similar data
for Armco iron [17] and for reactor steel 15X2NMFA [4].
The weaker dependence of the spallation strength of Mn2-
Si steel on the strain rate has led to the fact that at relatively
small values of V/V; it is close to the strength of reactor
steel, and at large — to the strength of iron. This fact is
likely a consequence of the presence of different spectra
of potential foci of nucleation of fracture in these three
materials.

3.2. Decay of the elastic precursor and initial rate
of plastic deformation of Mn2-Si steel

Table 2 presents experimental conditions with Mn2-Si
steel samples with a thickness from 0.17 to 4 mm at various
temperatures and the results of their processing. Here T —
initial temperature of the sample; hjmp — thickness of the
pin (its material is also indicated); u; mp — impact velocity;
hem — thickness of the sample; oprr, — Hugoniot elastic
limit; or — dynamic yield strength; osp, — spall strength;
V/Vy — the rate of expansion when unloading the material
from the shock-compressed state.

Figure 8 summarizes the results of measurements of
compression stresses in an elastic precursor depending on
the distance traveled by the wave (sample thickness) at
room temperature and at 600°C. At room temperature, at
distances up to about 1 mm, there is an obvious decay of
the precursor; at 600°C, decay is recorded in the entire
studied range of sample thicknesses. A similar transition
from fast to slow decay was also observed for other metals
with a volume-centered cubic structure and interpreted
as a consequence of the transition from the over-barrier
movement of dislocations controlled by phonon viscosity to
thermal activation mechanisms for overcoming barriers at
high voltages. The decay of the elastic precursor (shock
compression waves) occurs due to stress relaxation and is
associated with the rate of plastic deformation behind its

front y, = (£} — &))/2 by the ratio [18]:
doy 4 yp
=X - 7
dh IgEL 3¢ (7)
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Figure 6. Micrographs of the split section at room temperature (a, c) and 599°C (b, d); a, b — magnification (x25); ¢, d — magnification

(x1000).
where h — the distance traveled by the wave, G —
the shear modulus, ¢, — the propagation velocity of

the precursor front, assumed in this approximation to be
equal to the longitudinal sound speed. As for other
metallic materials [3,15], the initial section of the empirical
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Figure 7. Comparison of the results of measurements of the
spallation strength of Mn2-Si steel with data for Armco iron [12]
and for reactor steel 15X2NMFA [13].
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Figure 8. Decay of the elastic precursor in Mn2-Si steel at room
temperature (circles) and at 600°C (diamonds). The open symbols
correspond to the parameters at the minimum between the elastic
and plastic waves, filled with — parameters at the peak of the

elastic precursor.

dependence is approximated by a power function

oueL = S(h/hg) ™,

(8)
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Table 2. Experemental setup and results of experiments with Mn2-Si steel
Ne T, himp, Uimp, hsm, OHEL, oT, Osp, V/VO hsp,
) °C mm m/s mm GPa* GPa GPa s7! mm
1 20 Cu 0.96 340 + 10 402 1.62 093 33 1.1-10° 1.09
1.8; 1.04; 5
2 20 Cu 199 340 + 10 402 141 081 2.56 0.8-10 234
1.83; 1.05; 5
3 20 Cu 047 340 + 10 201 169 097 337 2.4-10 0.52
1.8; 1.04; 5
4 20 Cu 096 340 + 10 2.03 137 079 2.79 1.8-10 1.1
2.15; 1.24; 5
5 20 Cu 0.25 340 + 10 1.015 181 Lo4 3.52 49-10 0.28
1.83; 1.05; 5
6 20 Cu 047 340+ 10 1.017 163 094 3.18 3.6-10 0.54
7 20 Cu 0.14 340 + 10 0.527 2.11 1.22 3.77 10° 0.16
2.18; 1.26; 5
8 20 Cu 0.28 340 + 10 0.488 171 098 344 5.3-10 0.29
9 20 Cu 0.044 340 + 10 0.167 2.83 1.63 3.98 2.5-10° 0.058
3.03; 1.75; 5
10 20 Cu 0.094 340 + 10 0.183 257 148 3.89 1.6 - 10 0.11
11 20 Cu 0.046 340 + 10 0.174 243 1.5 3797 1.7 - 10° —
12 20 Cu02 340 + 10 0.114 296 1.7 —
13 20 W 143 590 + 20 4.02 1.6 0.97 3.02 4.8 -10* 2.6
0.88; 0.49; 5
14 604 Cu 096 340+ 10 4.04 07 039 241 1.2-10 1.08
1.03; 0.57; 5
15 599 Cu 048 340 + 10 2.02 086 048 268 2.4-10 0.52
16 598 Cu 0.256 340 + 10 1.01 1.39; 077, 264 4.9 -10° 0.31
12 0.66
1.57, 0.87; 5
17 604 Cu 0.133 340 + 10 0.513 139 077 34 8.5-10 0.16
18 603 Cu 0.097 340 + 10 0.192 1.52 0.84 3.36 1.1-10° 0.12

Note. *top line — stress at the peak of the precursor, bottom — at the minimum point between elastic and plastic waves.

there was no spall fracture.

where the parameter hy = 1mm. With a significant
spread of experimental data, the indicator « for all their
groups can be taken the same, equal to 0.265, and the
values of the coefficient S vary from Speax = 1.96 GPa for
stress peaks and S, = 1.67 GPa for the minimum points
between elastic and plastic waves at room temperature
up to Speak = 1.3 GPa and Sy, = 1.07 GPa at 600°C. The
relatively small value of the indicator @ is characteristic
of metals and steels with a volume-centered cubic struc-
ture.

The empirical dependence (8) is transformed into the
dependence of the initial velocity of plastic deformation on

10*  Technical Physics, 2022, Vol. 67, No. 14

** assessment from below,

the shear stress 7:

) 3/7E’ “
yP:Z(SG) > (9)

where E’ = poc? — the modulus of longitudinal elasticity,
G — the shear modulus. The dependences of the initial
shear strain rate on the shear stress calculated in this way at
room temperature at the fast attenuation site and at 600°C
are shown in Figure 9. The graph also roughly shows the
transition to a low-speed mode at room temperature.
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